The simulated training is an important issue for any type of missions such as aerial, ground, sea, or even space missions. In this paper, a new flexible aerial simulator based on active hybrid architecture is introduced. The simulator infrastructure is applicable to any type of training missions and research activities. This software-based simulator is tested on aerial missions to prove its applicability within time critical systems. The proposed active hybrid architecture is introduced via using the VB.NET and MATLAB in the same simulation loop. It exploits the remarkable computational power of MATLAB as a backbone aircraft model, and such mathematical model provides realistic dynamics to the trainee. Meanwhile, the Human-Machine Interface (HMI), the mission planning, the hardware interfacing, data logging, and MATLAB interfacing are developed using VB.NET. The proposed simulator is flexible enough to perform navigation and obstacle avoidance training missions. The active hybrid architecture is used during the simulated training, and also through postmission activities (like the generation of signals playback reports for evaluation purposes). The results show the ability of the proposed architecture to fulfill the aerial simulator demands and to provide a flexible infrastructure for different simulated mission requirements. Finally, a comparison with some existing simulators is introduced.
Introduction
Recently, enormous interest arises towards remotely controlled vehicles such as Unmanned Aerial Vehicles (UAVs), Unmanned Surface Vehicles (USV), Unmanned Ground Vehicles (UGV), Unmanned Underwater Vehicle (UUV), or even Unmanned Aerospace Vehicles. Many researches on unmanned vehicles have gained much attention worldwide [1] [2] [3] [4] [5] . This paper focuses on UAVs due to their tight time constraints compared to other unmanned vehicles. UAVs have been referred to in many ways: pilotless aircraft, drones, RPVs, and robot planes are few such names. UAVs are defined by the American Department of Defense (DOD) as "powered aerial vehicles that do not carry a human operator, use aerodynamic forces to provide vehicle lift, can fly autonomously or be piloted remotely, can be expendable or recoverable, and can carry a lethal or non-lethal payload" [6] . Also, DOD states that "UAVs protect lives of pilots by performing the dull, dirty, or dangerous (3D) missions that do not require a cockpit pilot" [6, 7] . Since good training leads to high mission success ratio, simulated training becomes necessary due to the high cost and impracticability of the actual vehicles training missions. Thus, the majority of the pilot training is directed to the simulated training. Many simulators are developed to fulfill the training and evaluation requirements. Therefore, the software design and engineering play great roles in the life cycle of training simulators.
The main objective of this paper is to design, implement, and evaluate a new software simulator based on simultaneous active hybrid architecture, via a minimized set of portable and convenient equipment. The new active hybrid architecture integrates the power of VB.NET and MATLAB in a unique manner in the field of aerial simulators. This integration is performed via utilizing the power of the MATLAB Component Object Model (COM) automation server technology. Different aspects are considered while building the proposed simulator which are as follows. International Journal of Aerospace Engineering (2) Exploit a comprehensive well defined flexible aerial mathematical model [8] . (3) Use simple equipment representation for validating the new hybrid architecture and to minimize the required budget [9] . (4) Achieve realistic innovative functional aerial simulator without AutoCode Generation as in [10] . (5) Achieve a robust design and infrastructure that could be implemented to any other types of unmanned vehicles, this could be done by changing the unmanned vehicle mathematical model to (USV, UGV, etc.). (6) Achieve a flexible design that can accept any future required modifications and it can be expandable to any level to help in many research fields (validation/evaluation testing). (7) Fulfill the portability requirement. (8) Minimize the maintenance procedures. (9) Develop a powerful high resolution data logging module for different playback purposes (on-screen or signals reporting).
Towards fulfilling this objective, the proposed simulator utilizes the Discrete Event Simulation (DES) [11] , MILS, and active hybrid architecture. Due to high computational processing nowadays, it is feasible to run a powerful mathematical airframe engine with other developed software on a single workstation. Thus, the hybrid architecture is utilized to shorten the development process and gain maximum benefits from different environments. Moreover, the active hybrid architecture permits more than one environment to work simultaneously in the same simulation loop. In this paper, the De Havilland DHC-2 "Beaver" aircraft is selected as a backbone aerial mathematical model. The Beaver is a singleengine, high-wing, propeller-driven, versatile, short takeoff and landing (STOL) aircraft developed by De Havilland Canada, primarily known as a bush plane. Via solving rigid body Equation of Motion (EoM), and twelve Ordinary Differential Equations (ODEs), the Flight Dynamics and Control (FDC) toolbox can provide accurate simulation of the "Beaver" motion. The "Beaver" dynamics are obtained via exploiting a powerful MATLAB/Simulink open-loop mathematical model. This model is called "oloop1, " which allows the user to achieve complete flight parameters due to certain control inputs. Moreover, the VB.NET closes the control loop via a complete integration with the MATLAB engine. A standard Remote Control (RC) guidance device is interfaced with the proposed simulator package. The RC device implements a Hardware In-the-Loop Simulation (HILS) for a realistic imitation of real guided mission devices. Furthermore, the proposed simulator real time constraints are introduced for the important modules. The proposed hybrid simulator utilizes many advanced programming techniques like Application Programming Interface (API), threads, COM technology, datasets, stopwatches, and many other components.
The test procedures for the proposed simulator cover many characteristics like the following. (a) Analyze the new active hybrid architecture processing delay versus the simulator predefined time constraints. (b) Illustrate the HMI capabilities and simulated mission signals playback. (c) Test the flexibility of the proposed software package via an uprising modification in the mission requirements. The results show that the proposed active hybrid simulator is validated; the system real time constraints are achieved; the real time constraints safety margin is maintained; the trainee detailed activities are reported via the on-screen and signals playback module; and the flexibility of the simulator design and architecture against future modifications is obtained.
Many difficulties and challenges have been conquered toward fulfilling the mentioned aspects of the simulator: (1) the handling of MATLAB engine interface should be accurate enough to close the simulation control loop. (2) The proposed simulator should manage all software/hardware resources efficiently to be able to satisfy the real time constraints. (3) The accurate evaluation requires high resolution logging module which is in the order of 10 −7 seconds. (4) The data structure containers should be thread-safe. In other words, data structures are manipulated in a manner that guarantees safe execution of simultaneous threads.
Unlike [8] [9] [10] 12] , the proposed simulator (1) focuses on increasing the functional fidelities and ease of development of the complete MATLAB/Simulink simulators through the integration of VB.NET. The rest of this paper is organized as follows: Section 2 presents the related work to different simulators. Section 3 details the proposed hybrid simulator model (the MATLAB mathematical model, the proposed VB.NET package, and the proposed active hybrid architecture integration). Sections 4 and 5 comprehensively present the simulator results and conclusions.
Related Work
Software Engineering plays a great role in the UAV development sector. For example, the software and hardware architectures are used in the design and implementation of a small semiautonomous fixed-wing UAV [13] , while in [14] the development of a real time embedded on-board computer and Ground Control Station (GCS) software system for a UAV helicopter is introduced. The guidance, navigation, and control system of a small vertical-takeoff-and-landing (VTOL) unmanned tripropeller air vehicle based on a sixdegrees-of-freedom nonlinear dynamic model is designed and developed in [15] . On the other hand, authors in [16] developed a systematic approach to Microaerial Vehicle (MAV) trajectory generation, and the characteristic issues of MAV flights in winds are addressed. A web access to real time flight data for a modern GCS is achieved, plus possessing the standard functions, such as data receiving in real time, storing the data, and displaying the data [17] . Moreover, the mission planning problem is solved to select the path which maximizes the collected information [18] .
Reference [12] stated that "MATLAB is the tool of choice for many simulation applications, however it simply does not provide the real time high fidelity visualization or physical simulation necessary. " Additionally, it classifies MATLAB/Simulink simulators as they have low physical fidelity, medium functional fidelity, and medium ease of development, where "Physical fidelity is defined as the degree to which the physical simulation looks, sounds, and feels like the operational environment, " while functional fidelity is defined as "the degree to which the simulation acts like the operational equipment in reacting to the tasks executed by the trainee. " Thus, to improve the functional fidelity of MATLAB/Simulink simulators, the integration of MATLAB with other development packages is required.
Different researchers utilize various types of hybrid architecture by mixing the capabilities of VB and MATLAB in many research fields like a lifetime prediction system for Vacuum Fluorescent Display (VFD), creation is done using the interface development of VB and merits of MATLAB in both calculation and display [19] , and a variable-spray control system based on machine vision utilizes a VB application due to its high executive efficiency to collect real time information and control signals; meanwhile, MATLAB software is adopted for its excellent image processing function [20] . Moreover, VB and MATLAB as a hybrid programming method is utilized to develop a friendly man-machine interface for the heated oil pipeline shutdown and restart simulation software [21] .
Since good training leads to a high mission success ratio, simulated training becomes necessary due to the high cost and impracticability of the actual vehicles training missions. The majority of the pilot training is directed to the simulated training. Therefore, a ground control station simulator with path planning utilizes the MATLAB/Simulink with FlightGear for better physical simulation and visualization [22] . A low cost simulator using three workstations, HeadMount-Display (HMO), pilot control pedals set, and data gloves are built to test the viability of the use of virtual reality tools in flight simulators [9] , while a fixed based flight simulator utilizes six workstations for visual display, instruments control, audio, real time simulation, control loading, and human-machine interface via the MATLAB AutoCode Generation to generate the design modules code to be exported to the RT-LAB which is integrated aperture with MATLAB [10] .
In this paper, a new active hybrid simulator is proposed. Such simulator utilizes single workstation for running a MATLAB/Simulink backbone aircraft mathematical model, innovative HMI developed in VB.NET, real RC interfacing, and precise data logging module for recording all simulated mission inputs and outputs. The data recordings are not only used for on-screen playback, but also used for the testing and evaluation process through the signals playback.
Proposed Hybrid Software Simulator Model
Software applications have a great potential among the users and researchers, due to their simple installation procedures, low maintenance effort, and quit long mean time between failures (MTBF). uses a powerful "Beaver" mathematical model as a background computational engine and utilizes an innovative HMI console for user interaction. The hybrid simulator block diagram is illustrated in Figure 1 . It is clearly noticed that the vehicle mathematical model is considered as one of the main components of the proposed simulator model. This mathematical model provides the dynamics of the vehicle to the trainee. It works as an Attitude Heading Reference System (AHRS) plus a Global Positioning System (GPS) to let the trainee know the position and orientation of the aircraft. The mathematical model calculates the new position and orientation according to the trainee guidance commands. In addition, the HMI plays a great role of connecting all the components together and merges the calculated results in a single visual interface. The time constraints of the hybrid simulator modules are important, as they would be compared with the results. This comparison will check if the proposed simulator satisfies the real time constraints or not.
The proposed simulator consists of an innovative HMI to view the stationary and movable objects; therefore, the graphics refresh rate will be 30 frames/sec for smooth motion [23] . This means that the HMI will have an update cycle of 33 ms. The RC interface module will capture the trainee actions 30 times per second for accurate acquisition (30 guidance commands data frames every second). Therefore, the RC interface will have an update cycle of 33 ms. The maps resources will be updated according to the individual trainee actions outside the computation/control simulation loop (in a separate thread). This is considered as one of the conquered challenges in this paper. From all of the above mentioned constraints, it is clear that the real time constraint is 33 ms. In other words, all the simulator tasks processing time (RC acquisition, RC data extraction, openloop model initialization, hybrid simulation, data gathering 4 International Journal of Aerospace Engineering and processing, graphical representation, and data recording) should be accomplished in 33 ms or less.
As shown in Figure 1 , the proposed simulator model is divided into two main environments (MATLAB and VB.NET). The following subsection is concerned with the aircraft mathematical model, while, later, comprehensive details about the proposed software simulator package (VB.NET) will be presented.
MATLAB Mathematical Model
Computation. This subsection provides a brief mathematical aircraft modelling knowledge and its set of equations. Initially, it is worthily noted that the core of the aerial mathematical model is a nonlinear model of the aircraft dynamics, consisting of twelve ODEs or state equations and a large number of output equations, as shown in the next subsection.
Nonlinear Airframe Model.
The aircraft equations of motion are derived from basic Newtonian mechanics [24] [25] [26] [27] . The rigid body force and the moment equations are stated as follows:
where is the mass of the aircraft and V = [ V ] is the velocity vector at the center of gravity (c.g.) where , V, and are the velocity component along the Body -axis, Body -axis, and Body -axis, respectively. Ω = [ ] is the angular velocity vector about the c.g. where is the angular rate of roll, is the angular rate of pitch, and is the angular rate of yaw.
] is the total external force vector where , , and are the total external force along Bodyaxis, Body -axis, and Body -axis, respectively. M = [ ] is the total external moment vector where is total rolling moment, is the total pitching moment, and is the total yawing moment, and I is the inertia tensor of the rigid body and can be written as
In (2), the tensor coefficients are the moments and products of inertia of the rigid body. If the reference frame is fixed to the airframe, these values are constant and independent of the attitude of the vehicle. In order to use equations (1) and (2) for control system design and analysis, simulation purposes, and system identification, they need to be rewritten in nonlinear state-space format.
These dynamic equations form a state-space system which is valid for any rigid body (road vehicles, airframes, water surface vehicles, or spacecraft). The body-axes components of linear and rotational velocities could be described as the state variables, while the body-axes components of the external forces and moments are the input variables of these equations. Typically, some sort of coupling between state variables themselves and the force and moment equations should take place. Although this makes the equations more complex, it is still possible to combine these equations in a nonlinear state-space system. The derivation continues till the complete output state vector x is reached. x consists of twelve elements: three linear velocities, three angular velocities ( , , ), three Euler angles which define the attitude of the aircraft relative to the Earth ( , , ), and two coordinates and the altitude which define the position of the aircraft ( , , ) relative to the Earth. Typically, the true airspeed ( ), angle of attack ( ), and sideslip angle ( ) can be used instead of the linear velocity components along the body-axes of the aircraft, yielding the following state vector:
Thereafter, the gravitational, propulsive, and aerodynamic effects and the influence of nonsteady atmosphere should take place [25, 28] ; this is done by continuing derivation towards the aerodynamic forces and moments (which are dependent on the flight conditions) and the external aerodynamic control inputs, defined by the input vector u aero . Consider
where , , , and are elevator deflection, aileron deflection, rudder deflection, and flaps deflection, respectively. These inputs are the deflections of the aerodynamic control surfaces. All the values of the stability and control coefficients for the Beaver aircraft are available in addition to the propulsive forces and moments derivations and coefficients [28] .
Flight Dynamics and Control (FDC) Toolbox.
The FDC toolbox implemented in MATLAB/Simulink makes it possible to analyze aircraft dynamics and flight control systems within one software environment (MATLAB) on one PC or workstation. This toolbox has been set up around a general nonlinear aircraft model, developed and constructed in a modular way to provide maximum flexibility for the user [8] . The FDC has three built-in open-loop simulation models. The proposed simulator is interested in the first open-loop model which is so-called "oloop1. " The original "oloop1" simulation model is used to obtain nonlinear aircraft responses due to certain control input signals. The control surfaces notation conventions (which are the inputs control signal to the oloop1 simulation model) are described in FDC documentation [8] .
Proposed Software Simulator Package. Microsoft Visual
Studio .Net is a perfect solution for building modern and fancy Human-Machine Interfaces (HMI). It is a complete set of development tools for building the following: ASP web applications, XML web services, desktop applications, and mobile applications. All of the supported programming languages (Visual Basic .NET, Visual C++, Visual C# .NET, International Journal of Aerospace Engineering 5 F#, and Visual J#) use the same Integrated Development Environment (IDE), which allows them to share tools and facilitates the creation of mixed-language solutions. Typically, VB.NET is a multiparadigm high level programming language; it provides the ability for developers to produce rapid and convenient software applications. It has become one of the famous visual integrated developing tools that run under Windows operating system [19] . Thus, VB.NET is selected to be the development language for the proposed software package. The proposed hybrid simulator is based on a modular concept which is not only used to reduce the cost [29] , but also used to provide more flexibility for any design changes or any uprising modifications [30] . Since the proposed simulator extremely relies on software modules and components, the main development components for implementing the proposed simulator are demonstrated in the following subsections.
Human-Machine Interface (HMI) and Reference Maps
Module. The main simulator HMI console uses intuitive display that is divided into three parts: the graphical area, the tabular area, and the status area. The graphical area contains all static/dynamic types of data (maps, airframe, waypoints, and mission paths) in a graphical form. The tabular area contains numerical data, controls, and gauges. The status area contains all important data and those must be in front of the trainee. The use of tab control and expanded group box extremely increases the reserved area for controls in tabular area.
The geographic reference map is one of the most important modules in the HMI console, which could be deduced from the word "reference. " It allocates all main important objects in the simulator (home coordinates, aircraft coordinates, waypoints, etc.). A unique decision must be madeduring the design phase-to determine the following criteria: (i) the utilized map category (raster or digital maps) and (ii) the utilized map type (standard or custom map).
For globalization purpose, the geographic reference map should be in a standard format and style, for more compatibility with other commercial packages. A standard mapping module is developed to facilitate the use of maps, routing, and geocoding from free map providers. The maps module achieves a mouse move accuracy for the HMI console up to 10 −6 degrees. Via the utilization of the map provider APIs, this module can achieve accessibility to the global map resources. Hereby, many functions are added to the HMI console like selecting the access mode (whether it is via server, cache, or both), enabling/disabling grid tile mode, showing/hiding marker points, allocating the exact target (known latitude and longitude) for calibration and verification process, finding any geocoding (city, area, or street), and finally adding any custom map as an overlay. All map setting actions are event driven, which means that they need action from the user to be initiated.
Proposed Mission Planning.
Although the geographic map reference module is settled and established, the HMI standalone could not achieve a mission success. There is no successful mission training without a powerful and accurate mission planning module. Therefore, whatever the type of the operation is (real/simulated or remotely piloted/ autonomous), mission planning is an essential module. By using the developed map module capability, the proposed simulator gained two more important functions: the routing and the overlays. The routing supports navigation through map features by defining start, middle, and end points, while the overlays provide the capability of having extra graphical layers with transparent background over the main map view area. The overlays could use standard items or custom items. The mission planning of the simulator is divided into two categories: "mission designer" and "mission viewer. " Hereby, an uprising need for a database appears; therefore, the mission planning module utilizes the built-in visual studio datasets as a local in-memory database [31] . The dataset is used to save the training mission waypoints in memory and prepare them in an appropriate format for file saving.
The mission designer is used to allocate the mission start point coordinates, the ordered middle points, and the end point and finally save the designed mission data. Figure 2 illustrates the mission designer flowchart. The mission designer module accepts the waypoint coordinates as a click event on the graphical area, copies these coordinates to editable controls to allow user modifications (if any), adds the way point according to the user request to the data grid (which is bound to the dataset), and, if mission is completed, saves all data grid waypoints to a standard Keyhole Markup Language (KML) file [32] .
On the other hand, the mission viewer is used to load the designed mission and add it as a transparent layer (overlay) on the geographic map area. This layer shows the mission trajectory in front of the trainee. As shown in Figure 3 , the mission viewer flowchart is an event driven module. In other words, the mission viewer loads all the KML files (designed missions), waits for the trainee to select one of the missions, overlays the selected mission over the graphical area, and finally manipulates the zoom level to center the selected mission in the screen. The mission viewer is capable of overlaying any designed KML mission: not only the missions that are designed by the proposed mission designer, but also the missions that are designed by other geographical packages (like Google Earth) as long as these missions are in KML format. In other words, the utilization of KML files provides a bidirectional importing/exporting of designed mission with standard packages like Google Earth.
As shown in Figure 4 , the mission designer accepts the user defined coordinate and adds it to tabular and graphical area, and meanwhile calculates the total route distance. The start point is illustrated in a big green balloon, the middle points are shown as small green balloons, and the end point is allocated as a big red balloon. The mission illustrated in Figure 4 is designed to test the trainee to fly over mainland of China. This mission starts at the home location (at Nanjing), through Hanggang, Guilin, and finally ends at Guangzhou.
Remote Control Guidance Device Interfacing.
Adding hardware equipment to the simulation process provides more trusted results on different scales. As most of the modern RC devices are interfaced via USB, an acquisition module is required to capture this USB data. Connecting such RC devices to the USB port adds a new Human Interface Device (HID) in the windows device manager.
Therefore, a complete module is developed to capture the RC data from the HID interface. This module is capable implemented in a separate thread to be independent of the simulator activities. This device is used as a real ground pilot guidance device. The RC data are captured every 33 ms for accurate ground pilot guidance commands sensitivity. Writing and reading the captured data are done via threadsafe containers, which is considered a defeated challenge during this paper. The complete flowchart of such interface thread is illustrated in Figure 5 . It is clear that the RC interface thread is an endless one: it starts when the HMI application starts, detects the event which indicates that HID is connected, gets handle of the RC HID object, reads the HID device parameters to adjust the receive buffers, reads RC data message, extracts the trainee input commands from the message, saves the extracted commands to global memory, and repeats the loop for continuous capture of trainee actions. If the RC device is disconnected at any time, the thread will wait until the trainee connects the RC guidance device again.
Data Logging, Signals Playback, and On-Screen Playback
Modules. Data logging module is an important and critical component as it is responsible for recording all incoming and outgoing traffic to/from the proposed simulator. The recording is performed in an accurate time stamping for all events. The resolution unit is measured in ticks (where 1tick = 10 −7 seconds). All simulator interfaces and flight parameters (MATLAB COM automation server, RC guidance device, and aircraft mathematical model state variables) are recorded. This recording is implemented via a separate thread to avoid any effect taking place against the simulator International Journal of Aerospace Engineering activities. Therefore, this is considered one of the conquered challenges during the development of the hybrid simulator. Through the proposed hybrid architecture, MATLAB features are exploited via the utilization of not only the MATLAB computational capability, but also the charting and statistics capability. A new class (called MfileCoder.vb) is developed to write all the captured data as a column array. Once the mission is completed, this class writes the complete body of the M-file statistics code. Through this technique, the VB.NET application writes a complete MATLAB code for achieving a full mission signals playback. The utilization of this M-file will be mentioned in Section 3.3. Moreover, the recorded M-file is not only used for the signals playback, but also used for the on-screen playback (display replays for the accomplished simulated missions). This is done through a separate off-line module via the utilization of dynamic timers. Table 1 contains a sample of the recorded data for some inputs and outputs of the aircraft model and its processing delay.
Active Hybrid Architecture
Integration. As VB.Net has some weaknesses such as the limited calculating function and finite drawing ones, it is not convenient to implement complex algorithm using VB.Net. Conversely, MATLAB was designed to perform mathematical computation and effective matrix calculation, to analyze and visualize data, and to facilitate the development of new software programs [33, 34] . However, it has less capability to generate human-computer interactive graphic interface that cannot be independent of MATLAB environment. Typically, the integration between these two packages creates extreme advantages with tiny minor weaknesses. As the proposed simulator software package is developed using VB.NET and the Beaver mathematical model is a MATLAB/Simulink toolbox, it is clear that a MATLAB interfacing should take place to establish the communication between these different environments [35, 36] . Dynamic Data Exchange (DDE), ActiveX Automation Server, Dynamic Link Library (DLL), and Component Object Module (COM) are a sample for some MATLAB interfaces [21, 37] . The appropriate technique selection depends on the hybrid communication scenario (which application is the master and which one is the slave). In other words, it depends on which platform is a server (slave) and which one is the client (master). In this situation, HMI console is the master (client), while the MATLAB engine/Simulink is the slave (server). Due to the nature of the simulator, the MATLAB automation server interface is used to create the communication link between the HMI console and its backbone mathematical computation engine [35, 36] . Thus, the original Beaver mathematical model should be modified as shown in Figure 6 . This modification could be concluded as follows. (1) Inputs are changed to constants. (2) The output state variables are changed to workspace output ("ToWorkspace" Simulink component). These modifications are considered the first step towards the hybrid environment integration as each block has an identified name, and this name is used to control any block property through the COM interface connection.
The MATLAB COM automation server interface could be achieved by utilizing the "CreateObject" command, which creates and returns a reference to a COM object. As in the illustrated example MatLabInstance = CreateObject("Matlab.Application").
This command will activate a new instance from MAT-LAB command window. This instance is capable of sending and receiving the data from/to the workspace and also executing MATLAB commands, and receiving the command results. The set of functions to read and write data to any workspace of a MATLAB engine is provided by MATLAB interfaces and is assembled in Table 2 [36] . Figure 7 illustrates the active hybrid architecture overview of the proposed simulator, while the labeled numbers show the data flow of the hybrid integration process.
Step (1) indicates the RC guidance device transmitted data, which are processed via the mentioned RC interface module.
Step (2) shows the RC guidance device processed data (guidance commands) that is transferred to the HMI console.
Step (3) presents the guidance commands that are transferred to the COM client to be ready to cross the environment barrier (transfer the data across the processes).
Step (4) indicates that the guidance commands are transferred to the COM server at the MATLAB environment.
Step (5) shows the guidance commands that are directed inside the MATLAB environment to the inputs of the Simulink (Beaver aircraft mathematical model). After the simulation of the mathematical model is executed, Steps ( (6), (7), and (8)) feed the aircraft flight parameters back to the COM server and across the environment barrier to the HMI console again, respectively. Then at Step (9), the data logging module captures the received flight parameters, encapsulates them with the previously transmitted guidance commands (Step (3)) and saves them in a recording file structured in Mfile format. Steps (1) to (10) are repeated until the simulated mission is completed. Once the mission is completed, Steps ( (11), (12) , and (13)) are triggered to request an execution of the recorded M-file. This command is transferred through the COM client to the COM server. Finally, the COM server executes the command and runs the M-file directly to view the signals playback. This accurate data flow management is considered one of the most important challenges that have been conquered during the development of the proposed hybrid simulator.
Actually, through this active hybrid architecture, the VB.NET acts as a master application, while the MATLAB engine acts as a slave engine. This master-slave relation is achieved via a complete integration between the two environments. This integration is implemented using the MATLAB COM automation server interface.
It is worthily noted that the HMI console (VB.NET environment) closes the open-loop simulation model (MATLAB environment) by capturing the outputs from the workspace, updates the aircraft position in front of the trainee, modifies the open-loop MATLAB mathematical model initial conditions, provides new control inputs, and orders a new simulation run (Steps ( (3), (4), (5), (6), (7), and (8)) represent the closed loop simulation). Figure 8 demonstrates the complete flowchart of the proposed hybrid simulator. It can be observed that most procedures are event driven (depends on the trainee activities). For example, if the instructor uses the proposed simulator to design a new training mission the proposed simulator processes this through reference connector number (1) to activate the flowchart in Figure 2 . But if the trainee utilizes the simulator capabilities in a simulated mission, the lower part is activated to perform the active hybrid simulation with the MATLAB mathematical model (represented as Steps (3) to (8) in Figure 7) .
It is worthily noted that the flowchart connector references numbering (1, 2, 3, and 100) has no relation to the sequence numbering of Figure 7 ; these connector references' numbering refers to the same numbering in Figures 2, 3 , and 5. Moreover, connector reference number 100 is assigned to a dedicated return point in the flowchart, while assigned to 100 to allow future expansion for the HMI modules.
Additionally, the hybrid architecture (VB.NET and MAT-LAB) is not only used in the simulated mission training, but also extended to the off-line functionalities like "signals playback. " As mentioned in Section 3.2.4, once the simulated mission is ended, the data logging module creates a recording file written in M-file syntax. Through the mentioned COM object instance, the HMI console is able to command the MATLAB engine to run the recorded file. The next sample command illustrates this action: result = MatLabInstance.Execute ("run('D:\RecordingMission 2015 02 14.m')").
This command shows how the HMI console (VB.NET) commands the MATLAB engine to execute the MATAB command "run, " with attribute "D:\RecordingMission 2015 02 14, " which refers to the VB.NET file.
Results
As the Software Development Life Cycle (SDLC) procedures state that checkpoints and testing procedures are mandatory after module development [38] [39] [40] , a performance analysis checkpoint is implemented to test the integration of all developed modules. This checkpoint contains many test procedures to evaluate the following: (a) the active hybrid architecture from real time point of view, (b) HMI capabilities ( that it can run eight simultaneous threads. Therefore, it is suitable to capture the RC guidance device, manage the MATLAB COM automation server, access the map provider's resources, visualize the HMI features, and store the data logging recordings simultaneously.
This subsection is interested in measuring the processing delay of the proposed active hybrid architecture with respect to the previously mentioned time constraints in Section 3. Via the illustrated data logging module, the VB.NET can measure the accurate consumed time of different MATLAB commands. As shown in Figure 9 , 20000 sample measurements are plotted; these measurements represent MAT-LAB COM automation server commands execution times (processing delay). For example, importing or exporting a variable from/to the workspace requires much less processing time than solving twelve ODEs (for simulating the flight parameters). The actual processing delay variations are shown in blue, while average MATLAB COM automation server processing delay is shown in red color.
It can be deduced that, using the active hybrid architecture technique, the average delay is in order of 7 ms, which means that the active hybrid architecture satisfies the simulator time constraints which is 33 ms. This means that the ratio of the average delay to the simulator time constraints is almost 1 : 5. Therefore, a smooth motion of the aircraft positions is achieved. Moreover, the dynamics of the aircraft in the simulated missions during the maneuvers are sensed via the illustrated set of gauges. The resultant platform satisfies the ground pilot training requirements. As the hybrid architecture satisfies the tight time constraints of the aerial vehicles, it could be extended to any other type of slower vehicles (road, sea surface, or even underwater vehicles). As a result, it is valid to implement the active hybrid architecture for the proposed aerial simulator. Figure 10 presents the proposed simulator HMI, which shows a sample training trajectory in light blue color in the graphic area, while the trainee is committed to perform a manual altitude hold mission. The mission starts at the home angles, the altimeter indicates that the aircraft flies at 5466 feet (equal to 1666 meters as shown in the tabular area). The air speed gauge indicates a true air speed at 86 knots, while the tabular area presents the airspeed in 44.6 m/s. Finally, the status area presents the status of the RC guidance device and the current zoom level, and it also provides the current mouse move coordinates with high resolution. In addition, the background data logging module is collecting all inputs and outputs parameters to be saved as a mission record for future analysis and evaluation process. It is clear that the proposed hybrid simulator functional fidelity is higher than the original MATLAB/Simulink FDC toolbox.
HMI Capabilities and Simulated Mission Signals Playback.
Through this training mission, the trainee is committed to follow the trajectory and maintain constant altitude at 6000 feet (1828 meter). Figure 11 shows the signals playback for the whole mission. Figures 11(a) Figure 11 , the trainee utilizes a lot of compensation along the mission. However, Figure 11 (i) shows that the trainee maintains constant altitude for a long period; however, at simulation sample 3500, the trainee starts to lose the altitude. Due to the excessive use of compensation signals (shown in Figures 11(a) , 11(b), and 11(c)) the trainee reaches the final destination waypoint at 5466 feet. The trainee maneuver is not smooth as shown from the variation of the compensation signals. Also, these compensation signals affect the aircraft angle of attack, side slip angle, and airspeed, as shown in the variation in Figures  11(d) , 11(e), and 11(f).
Proposed Hybrid Simulator Flexibility Analysis (Obstacle Avoidance Simulated Missions).
The proposed hybrid simulator architecture should satisfy a quite wide range of modifications (for both VB.Net and MATLAB environments). This subsection demonstrates a nontraditional simulated training mission. As shown in Figure 12 , the trainee is commanded to reach the waypoints along a designed mission. The simulated mission starts at big green balloon (start waypoint) at the south, through three middle waypoints, and finishes at the end waypoint at the top left. The light blue line shows the Line of Sight (LoS) path between the mission waypoints. However, this simulated training is not a regular one. The instructor uploaded an overlay obstacle map. The obstacle map is based on colored irregular shapes to indicate different obstacles heights. This map is overlaid on the HMI map using the developed reference map module which allows the loading of custom maps. Moreover, an additional circle of acceptance is represented as a red circle around the waypoint. This circle is overlaid to check that the waypoint is reached. Finally, the actual simulated mission trajectory is shown in black color.
To be able to evaluate the performance of the trainee, two extra error signals are calculated to check that the waypoint is reached. As observed in Figure 13 , the next waypoint range and next waypoint azimuth are calculated in the VB.NET environment and added to the recording file. The trainee tries to minimize the next waypoint range (which means that the next waypoint is approaching as shown in Figure 13(a) ) and, at the same time, tries to minimize the next waypoint azimuth to zero (which means that the waypoint is ahead Figure 13(b) ). Throughout the visual interaction between the trainee and the HMI, the trainee uses the RC guidance commands to generate appropriate aileron and elevator deflections to guide the aircraft to the targeted waypoints as shown in Figures  13(c) and 13(d) . Moreover, the variation of the airspeed, the angle of attack, and the side slip angle according to the trainee maneuvers are shown in Figures 13(e) , 13(f), and 13(g). From Figures 12 and 13 , the trainee reaches waypoint 1 after 275 seconds as shown in Figures 13(a) and 13(b) and then starts a maneuver to let waypoint 2 ahead (by minimizing the azimuth error signal in Figure 13 (b) to zero). After the azimuth is minimized to zero, at time of 495 seconds starts a maneuver with the green obstacle which causes a reincrement in the next waypoint error signal again. After accomplishing the maneuver with the obstacle at time instance 610 seconds, the trainee starts to minimize the azimuth error signal to zero to let waypoint 2 ahead. The trainee repeats the same process with another two obstacles before waypoint 3 and before the final destination.
It is worthily noted that, from Figure 12 , the trainee tries to reach the waypoint from the shortest path; this is done by making close distance maneuvers with the obstacles (which shows that this trainee level is quite good). Moreover, Figures 13(c) to 13(g) are used to evaluate the trainee maneuver level. These signals show that all trainee commands are within the acceptable range of the aircraft acceptable deflections (Figures 13(c) and 13(d) ), almost constant speed is reserved, and smooth maneuvers are maintained (Figures 13(f) and 13(g)). By comparing the signals playback in Figures 11 and  12 , the trainee of Figure 11 is a novice one, while the trainee of the obstacle avoidance mission is considered an expert.
Proposed Hybrid Simulator versus Different Existing
Simulators. As presented in Table 3 , this subsection lists a brief comparison between the functions and features of the proposed hybrid simulator versus other different existing simulators. SCALAB virtual reality simulator [9] 
